a carbon source were obtained. The galactoside was specific in selecting for mutants with increases in their uninduced levels of 13-galactosidase. Virtually all mutants (37 in a subsample of 38) carried mutations in the lac repressor gene. There were two classes of repressor mutants. As well as the commonly identified class of mutants with completely inactivated repressors, there was a frequent class of mutants (21/37) whose repressors were partially inactivated. Most of these (15/21) repressed fl-galactosidase synthesis 4 to 50 times less than wild type, but were more numerous in the lower part of this range. Their f-galactosidase was inducible to levels characteristic of the parent strain. The repressor activities were diverse and stably expressed under routine growth conditions. The decreased activity did not result from the formation of temperature-sensitive repressors. None of the mutants with completely inactivated repressors appeared to carry UAG or UGA chain-terminating codons. On the assumption that the partially defective repressor mutants carried missense mutations, it is argued that missense mutations in the lac repressor gene modify the repressor's affinity for the operator with high probability. An explanation is proposed for the apparent sensitivity of this repressor function to partial inactivation as the result of amino acid substitutions.
The lactose repressor protein of Escherichia coli represses the expression of the genes of the lac operon by binding directly to the deoxyribonucleic acid (DNA) of the lac operator (8) . Ribonucleic acid (RNA) synthesis, which is initiated at the lac promoter and proceeds through the operator into the ,W-galactosidase gene, is blocked when the repressor is bound to the operator (4, 10, 11, 18) . The gene for the repressor protein lies adjacent to the promoter end of the operon and is transcribed separately from the lac genes (17) . In repressor mutants of the commonly observed i-completely defective type, the operator-binding function of the repressor tends to be eliminated. The lac enzyme synthesis of such mutants is derepressed 500-to 1,000-fold above the low constitutive level of the wild-type strain. Mutants of this type have been obtained by a variety of selection devices (5, 13, 14, 33) . However, there are strong indications that these mutants do not represent the full ' Present address: Dept. of Biochemistry, John Curtin School of Medical Research, Institute of Advanced Studies, Australian National University, Canberra, A.C.T., 2601, Australia. spectrum of effects which mutation can induce in the operator-binding activity of the repressor. For example, Jayaraman et al. (12) isolated two i-defective repressor mutants which retained repressor function although the operator binding of their repressors was partially inactivated.
Perutz and Lehmann (22) showed that hemoglobin could be inactivated by amino acid substitutions at key sites in the molecule such as those forming nonpolar contacts with the heme group. On the other hand, there were many sites, particularly on the surface of the molecule, where a wide range of substitutions could be tolerated without an apparent impairment of function. The analysis of base substitution mutations affecting the proteins coded for by the hisC gene of Salmonella (32) and lacZ of E. coli (15) indicated that missense mutations rarely inactivated the proteins, at least sufficiently to allow mutants to be detected. It is possible that amino acid substitutions in these proteins normally lead to changes in activity which are indistinguishable from wild type on selection or screening plates; but it is also possible that a large proportion of substitutions have no effect on function. By analogy, muta-tests carried the i'694 allele (33) . The distribution of the noninduced f-galactosidase of mutants in the subsample (Fig. 1) revealed a major discontinuity between the partially and the completely constitutive mutants. The constitutive fl-galactosidase activity of the bulk of the partially constitutive strains fell in a narrow band with values from 4 to 50 times that of the basal level of the parent. Within this band, the distribution of the enzyme levels was skewed towards the lower part of the range (Fig. 2) .
Identification of repressor mutants. Of the 38 mutants selected for intensive study, 37 carried mutations which were recessive to the i8694 repressor allele (33) Diversity and stability in the expression of the LC repressors. The rankings of the LC mutants by their constitutive ,B-galactosidase activities tended not to change in independently made assays at 37 C (Table 3 ). In two assays the rank correlation coefficients determined by the methods of Snedecor (29) were 0.98 in the case of all LC mutants, and 0.96 in the case of the 10 mutants with the lowest levels of constitutivity. Plate tests of patches of mutants growing on XG indicator plates at temperatures down to 21 C revealed that temperature sensitivity was not responsible for the constitutivity of the partially defective repressor mutants. This was confirmed by determining the ,-galactosidase activities of a sample of 7 mutants growing at 21 C. The constitutivity of all mutants was preserved at this temperature and, moreover, the ranks of the mutants with respect to their levels of constitutivity at 37 C were maintained ( Table 4 ). The partially defective repressors appeared therefore to be genetically diverse and stable in their expression.
Bias of the sample. The question of how far the genetic diversity within the sample represented the full range of possible variation in repressor activity could not be answered directly. Insight into the matter was obtained, however, by a determination of the growth rates in PG medium of a selection of mutants which had similar growth rates in minimal succinate medium (Table 5) .
With the exception of mutants LC1 and LC3, whose basal enzyme levels were closest to that of strain W, the growth rates of the mutants were similar. The slow growth rates of the LC1 and LC3 strains indicated that mutants of this class would be at a disadvantage, compared with m'utants of higher levels of constitutivity, when growing on PG. Furthermore, LC1, with a lower basal enzyme level than LC3, grew slowest in PG medium. This suggests that selection for growth on PG would have biased the sample against mutants with very low levels of con- (Table 2) , it is unlikely that they were over-represented. On the other hand, above a certain level of constitutivity, there appeared to be no difference among mutants in their ability to grow on PG, and thus it is improbable that the higher level constitutives were under-represented in the sample.
Tests for UAG and UGA mutations in the sample. (4) . Thus, the constitutive levels of ,Bgalactosidase in the repressor mutants may be used as a measure of their operator-binding activity (7, 8, 28 25% of the activity of the wild-type repressor. Levels of partial repression tended to be stably expressed under routine conditions of culture.
The activities of the mutant repressors varied across a 100-fold instead of a theoretically possible 500-fold range corresponding to the activities of the wild-type repressor in uninduced and induced cultures. The failure to detect defective repressors whose activities were up to four times less than that of the wild type on this scale was probably due to the method of selection rather than to an absolute discontinuity at this point. The rapid decrease in the growth rate of mutants on PG medium as their repressor activities increased towards the lower end of the range (Table 5) suggests that beyond a given point repressor activity would prevent the growth of mutants. This interpretation is strengthened by a consideration of the selective function of PG. Although this galactoside inhibits the induction of the lac operon (24), the transgalactosidation products arising from its hydrolysis in uninduced cultures would be expected to act as inducers (3) . Its role in the selection of repressor mutants is thus likely to hinge on the relative cellular concentrations of PG and its transgalactosidation products. Mutant strains having a constitutive level of ,Bgalactosidase below a certain threshold would not be able to produce sufficient inducer by hydrolysis to counteract the galactoside's effect in antagonizing induction. They would'be unable to use it as a carbon source and therefore would be lost from the sample. Above a certain level of constitutivity, on the other hand, there was no indication of any differences in the abilities of the mutants to grow on the substrate. For example, a mutant such as LC5, with a level of constitutivity of 6% of the derepressed enzyme level, grew equally as well on the selective medium as the completely constitutive mutants (Table 5) . Therefore, it is unlikely that the high level constitutive mutants were under-represented in the sample. The discontinuity between the distributions of the partially and completely defective repressor mutants ( Fig. 1) would thus appear not to be an artifact of the selection.
The high frequency of the low level constitutive repressor mutants was unexpected. Although mutants with partial repressor activity have been identified (12) , the class has not been recognized as a common product of mutation in the repressor gene. Furthermore, the'incidence of mutant proteins with a partially but not drastically inactivated function appears to be rare among proteins other than the repressor. Missense mutants in lacZ with 5 to 40% of wild-type 6-galactosidase activity were found to be rare compared with mutants of a lower activity and clustered into the lower part of the range (J. B. Langridge, personal communication).
Although there is no direct proof that the mutations giving rise to the partially defective repressors were missense, two considerations make it likely that they were of this type. The mutagen, NTG, used in their induction produces base substitutions. Although it can induce large deletions, cases of its induction of small deletions or frameshifts are unknown in spite of its extensive use as a mutagen (7, 15, 32) . Furthermore, the stability of the expression of the repressors of the low level constitutive mutants suggests that the proteins had undergone only minor structural changes such as could arise from amino acid substitutions.
Alternatively, the partial defectiveness could be due to mutations which caused a decrease in the number of repressor molecules. This possibility cannot be ruled out. Mutations in the repressor promoter (17) would have this effect without altering the structure of the protein.
However, because a promoter site appears to be small, such mutations would probably be rare compared with mutations occurring within the repressor gene. Moreover, the mutations of the LC strains appeared not to be restricted to the end of the gene containing the promoter (B. Shineberg, unpublished data).
The apparent frequency with which an amino acid substitution partially inactivates the operator-binding activity of the repressor seems to be high. The expected frequency of nonsense codons among all base substitutions altering the amino acid sequence of the protein may be calculated from the genetic code and the amino acid composition of the lac repressor as given by Muller-Hill et al. (20) . These calculations give an expected frequency of 95% mutations leading to amino acid replacements compared with 3% leading to UAG and UGA codons. Of those repressor mutants examined, the observed ratio of mutations partially inactivating the repressor to UAG and UGA codons was found to be 21: 0, a ratio which does not depart significantly from expectation. The failure to find nonsense mutants was not unexpected. Bourgeois et al. (1) found that 3%o of 850 spontaneously arising lac constitutive mutants had UAG mutations in the lac repressor gene. detected 1% UAG repressor mutations in a sample of 187 NTG and 2-aminopurine induced lac constitutives. These frequencies are consistent with the view that the operator-binding activity of the repressor protein is highly sensitive to amino acid replacement.
In considering explanations for the apparent sensitivity of the repressor to partial inactivation as the result of missense mutations, it is important to emphasize that such sensitivity may be a reflection of the PG selection rather than any difference between the repressor and other proteins. On the other hand, it is possible that such sensitivity is not characteristic of all protein functions. For example, the functioning of small substrate-binding sites, such as the lactose-binding sites of ,B-galactosidase, and the inducer-binding sites of the lac repressor, may not be sensitive to many amino acid substitutions in regions of the polypeptide which do not form the sites.
It is proposed that the sensitivity in the case of the repressor stems from factors associated with the large size of the operator as a substrate for the repressor. The lac operator consists of 21 base pairs (10) . Native DNA is required to bind the repressor and only one repressor molecule is involved in the binding (8, 23, 24) . The base sequence of operator DNA is bilaterally symmetrical about a central point of reflection (10) . Thus, it is probable that the operator provides sites for binding to two repressor monomers, although the repressor binds only in its tetrameric form (2) . A similarly symmetrical arrangement of at least 16 mutable operator sites has been detected by mapping studies (26) . If the double helix structure of the operator DNA is conserved during repressor binding, the dimensions of the operator would be equivalent to at least that of a small protein (about 7 by 2 nm). The repressor-operator interaction would thus occur across a complex interface. It is possible that a degree of independence exists in the functioning of the components of the interface, so that an alteration in one region of the interface, due to a structural alteration in the repressor, would modify the operator-binding function without eliminating it. One would predict that a series of residue sites exists in the repressor polypeptide where an amino acid substitution would drastically affect the binding activity (31) . However, there should be other sites where a substitution will modify repressor activity less severely, and it is possible that alterations at sites not directly involved in the binding, but producing small changes in the conformation of the protein, may also modify interactions occurring at the operator-repressor interface. Furthermore, the binding of the repressor depends partly on electrostatic forces (24, 25) , and consequently amino acid substitutions affecting the net charge of the protein may alter its affinity for the operator. 
